The first step in virus infection of a host cell is attachment to the cell plasma membrane. This necessary but not always sufficient event in cell infection is important for several reasons. Specific receptor expression can be an important determinant of host range and cell and tissue tropism of a virus, although productive infection may be regulated at many other stages in viral replication as well. As an initial step in infection, virus binding offers an opportunity for chemical or immunologic intervention before the viral genome has reached relative sanctuary within the cell. Finally, characterization ofviral receptors can lead to the identification of new cell surface molecules whose normal function can then be determined.
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A variety of strategies has been employed to identify and characterize specific viral receptors. Most of these studies, however, have not definitively demonstrated that the putative receptor actually mediates infection ofthe cell. To fully establish that an interaction between a virus and a presumed receptor has biologic significance, it is necessary to demonstrate that such an interaction can initiate viral infection of the cell. The most stringent test of biologic significance is the transformation of receptor-negative nonpermissive cells to a permissive phenotype by molecularly engineered transfer ofgenetic material encoding a putative receptor. Recently these stringent criteria have been met for a small icosahedral virus, poliovirus (1) as well as for the enveloped viruses HIV (2) and Maloney murine leukemia virus (3) .
This review will concentrate on recent progress in the study of cell receptors for nonenveloped, icosahedral viruses (see Table I ). Icosahedral viruses present unique questions concerning the early events ofviral infection, especially those ofviral entry. The review will not be exhaustive but will use selected examples to emphasize the methodologies and experimental strategies which have made this progress possible. Several more comprehensive recent reviews of viral receptors are available (4, 5) .
Although viral receptors have long been a topic of interest, until recently progress in this area has been rather slow for a number of reasons. Most purified virus preparations contain a high ratio (> 100:1) of total particles to infectious units and there are not clear biochemical, immunologic, or morphologic criteria to distinguish which particles are truly infectious. Thus, ultrastructural and biochemical observations ofvirus cell interactions may be irrelevant because most ofthe virions examined are not infectious. Furthermore, cell receptors for viruses are often relatively scarce, ranging from 103 to 105/cell. The affinity ofa single receptor for a virus may be quite low, particularly when that receptor has been removed from the plasma membrane. Additionally, receptors may vary greatly for different serotypes of the same genus, such as the rhinoviruses (6) . Vi (8) and proposed for reovirus (9) and polyomavirus (1O). Finally, interactions between viruses and cell membranes may be much more complex than simple models based on the interactions of peptide ligands with receptors. Multiple viral components may interact with several plasma membrane components to mediate productive viral binding and penetration. Viral attachment proteins Although the viral components which mediate attachment to cells (VAPs)' are not the subject ofthis review, a brief synopsis of our current knowledge of these molecules is appropriate in order to better understand the virus-cell interaction. VAPs for icosahedral viruses may be tentatively separated into two groups. The first group, consisting of most but not all picornavirus VAPs, is hypothesized to attach to target cells via a cleft or "canyon" on the virus surface which is defined by multiple viral capsid peptides. An increasing body of evidence reviewed by Rossman (1 1) supports this model. It has been suggested that the steric inaccessibility to antibodies of the highly conserved VAP cleft residues is a mechanism by which the virus avoids immune attack. The second major group of VAPs features a surface projection or spike as the binding structure. The reovirus hemagglutinin acI, the adenovirus fiber protein, and probably the rotavirus vp4 protein function in this fashion. For these viruses it can be hypothesized that the extended VAP enhances the binding efficiency of the virus. Some icosahedral viruses do not fit into this simple classification, however. For example, foot-and-mouth disease virus (FMDV) is a picornavirus which has no canyons, pits, or large surface projections (12) . It appears that FMDV attachment is mediated by portion of VP1 which forms a disordered loop. This loop contains an RGD amino acid sequence common to many extracellular ligands for binding to cell surface integrin molecules. RGD con- ( 18, 19) . In some cases, little or no binding ofvirus to cells can be detected in binding assays yet productive infection still occurs (20) . Early kinetic studies of picornavirus binding demonstrated that cellular receptor sites were salt-dependent, saturable, and protease-sensitive (reviewed in reference 4). Heterologous competition binding studies among different picornaviruses demonstrated that picornaviruses could be assigned to receptor "families" (7) . All three serotypes of poliovirus share a single distinct receptor (21) . Poliovirus bound only to cells ofprimate origin and not to murine cell lines (22) . The demonstration that transfection with poliovirus RNA leads to productive infection in receptor-deficient murine cells supported the concept that viral binding to cell surface receptors may be a major determinant of host range and tissue tropism (23) . Similar competition studies have been used to divide rhinovirus receptors into two families termed major (91 serotypes) and minor (10 serotypes) (6, 24) . Similarly, picornavirus receptor families have been described for coxsackie viruses A and B (7), apthoviruses (25) , and Theiler's murine encephalomyelitis (EMC) virus (26). Kinetic analysis has demonstrated that some adenoviruses share a cell receptor with coxsackie viruses (7) .
Competition kinetic analysis using the three major serotypes of reovirus have also yielded varying results. A single, common receptor for serotypes 1 and 3 was identified on endothelial cells (27) while independent receptors for serotypes 1 and 3 were noted on a pituitary cell line (28), intestinal epithelial cells (29) , and on murine L cells (30) . Another study showed competition between serotypes 1 and 3 for L cell receptors suggesting a common receptor (31) .
Rotavirus receptors have also been characterized by saturation binding studies which demonstrated sialic acid dependent binding of simian SA 11 rotavirus (32) . Other studies showed that the reduced binding observed after neuraminidase treatment correlated with reduced infectivity (33) . Specific forms of sialic acid appear to be important in simian rhesus rotavirus binding to and infection of cultured human hepatocytes (34) . Further studies have shown that human rotaviruses, which unlike most animal isolates do not hemagglutinate human type 0 erythrocytes, infect MA 104 cells independent of sialic acid (35) . Thus, at least two "families" ofrotavirus receptors appear to exist in MA 104 cells, one sialic acid dependent and one sialic acid independent.
In summary, although kinetic binding studies have provided useful information about the specificities and general structuiral features of viral receptors, the descriptive data generated has not lead to the actual isolation or purification of a functional viral receptor. Many of the studies have measured binding rather than infection and hence may not be measuring the biologically relevant interaction.
Biochemical approaches
Direct purification and biochemical characterization of various icosahedral viral receptors has been one of the most frequent strategies employed to identify these structures. Most purification schemes have utilized the VAP in some form of affinity purification strategy in an attempt to identify and characterize specific cell surface receptors. Thus purified virus or viral attachment protein is allowed to bind to cell membranes either in situ on cell monolayers, in solution after detergent extraction from cells, or bound to some form of solid phase matrix. The advantage of this type of approach is that it may allow for the actual isolation and purification of specific cell membrane molecules involved in viral attachment. The problems with these strategies are similar to those discussed above: (a) poor affinity for monomeric virus-receptor complexes compared to the multivalent binding which functions in vivo, and (b) the need to correlate productive infection with binding to a given entity.
Perhaps the most success in use ofthese biochemical methods has been reported by Crowell and co-workers in their studies of coxsackie B virus receptors (36) (37) (38) (39) (40) (41) . Initially, a solidphase assay for solubilized receptor was developed on microtiter plates (36) and used to determine that the receptor was a glycoprotein with an apparent molecular weight of 275 kD by size exclusion chromatography (37) . The high affinity of the coxsackie B receptor for the virus allowed for the copurification ofthe virus with detergent solubilized receptor by differential centrifugation (38) . This purified virus-receptor complex (VRC) was iodinated and analyzed by SDS-PAGE. The VRC consists of viral capsid proteins and an -50-kD HeLa cell membrane component termed RP-a. RP-a was used as an immunogen to produce polyclonal and monoclonal anti-receptor antibodies which protected HeLa cells from coxsackie B infection (40) . Using similar methodology, a membrane protein similar to RP-a has been identified on a murine T cell line, YAC 1 (41) .
Polyomavirus-receptor complexes are also reported to be stable to detergent treatment and differential centrifugation (42) . The cell receptor components of virus-receptor complexes were isolated by immunoprecipitation and identified by SDS-PAGE. Protein bands of 90, 50, and 27 kD were identified. Similar bands were observed when cell membrane extracts were electroblotted to nitrocellulose and probed with radiolabeled polyoma virions. The relationship of these protein components to a previously described 120-kD receptor is unclear (43) . Similar biochemical approaches have also been used to identify the minor group receptor for rhinoviruses (44) as well as a putative adenovirus receptor (45) .
A more recent modification of the affinity-based biochemical approach to receptor identification has used variations of ligand blotting, sometimes termed virus overlay protein blotting assay (46) . In this assay membranes are prepared from cells or tissues, separated by SDS-PAGE, electroblotted to nitrocellulose, and probed with virus. Membrane components which retain high affinity for virus are detected as bands on the nitrocellulose. A major potential drawback to this method is the denaturation of the membrane components which occurs during electrophoresis and blotting. Thus, receptors which function as homo-or heteromultimers are not likely to be identified. On the other hand, the high local concentration ofa single receptor present on the nitrocelluose may allow for cooperativity with multivalent virions and increase the sensitivity compared to liquid phase binding assays. Several icosahedral viruses have been studied by this technique including adenovirus (47), rhinovirus (48) , reovirus (27, 49) , and rotavirus (50, 51) .
To date most ofthe data obtained with biochemical affinity approaches has not been directly correlated with actual cell infection. Such correlation, as demonstrated by the generation ofprotective antireceptor antibodies for the group B coxsackieviruses, will be necessary to establish the significance of these types of studies. The biochemical studies are most useful when they permit production of monospecific antibody to the putative receptor or permit determination of specific amino acid sequence of part of the receptor. Such information can then be used to identify receptor on the molecular level.
Immunologic approaches
Within the last decade, two immunological approaches have been employed in the study of viral receptors: anti-cell surface monoclonal antibodies and antiidiotypes. With both methods antibodies are generated against cell surface epitopes critical for viral binding. Such reagents are generally selected by their ability to block viral attachment and infection. It is ofcourse possible that such antibodies are not directed against the receptor per se but block binding via steric hindrance. However, the utilization ofsuch reagents to identify and subsequently molecularly clone biologically active receptors (see below) indicates that these methods can generate antibodies directed against the actual receptor. Cloning of both the poliovirus and rhinovirus receptors was possible because such immunologic reagents were available.
In the first method, whole target cells or their isolated plasma membranes are used as immunogens for the purpose of generating monoclonal antibodies against cell surface components. Theoretically, cell surface receptors for viruses will be among the surface components which elicit an immune response. The screening of the resultant hybridoma colonies is usually by a cell protection assay in which inhibition of infection by hybridoma supernatents is considered a positive response. A number of investigators have successfully used this approach to isolate mAbs which inhibit viral replication by binding to membrane components. Icosahedral virus receptors successfully identified by this strategy include poliovirus (52-54), rhinoviruses (55) , and group B coxsackieviruses (39, 40, 56) . In reports to date, specificity of the protection has been striking and usually correlates well with previous competition binding studies. Early success in generating mAbs against polio and the major receptor group of rhinoviruses may be related to the fact that these picornaviruses do not bind to or infect murine cells. Thus, their receptors may have been particularly immunogenic in mice.
Several independent groups have isolated mAbs against the poliovirus receptor. Two of the groups isolated mAbs which blocked infection with all three serotypes ofpolio and no other enteroviruses as expected from previous kinetic binding studies (52, 53) . These mAbs recognized receptors only on poliovirussusceptible primate cell lines. A more recent report describes a mAb which protects cells only from poliovirus serotypes 1 and 2 and recognizes a 100-kD protein by western blot (54). The relationship between this putative receptor and those detected by earlier workers remains to be clarified.
A mAb which blocks attachment of the major group of human rhinoviruses was isolated by Colonno and co-workers (55 (63) . Controversy continues, however, over whether the f3-adrenergic receptor is an actual receptor for serotype 3 reovirus (49, (64) (65) (66) (67) .
The antiidiotype strategy has been demonstrated to be feasible for at least one other nonenveloped virus. Polyclonal antiId to a polyomavirus mAb has been reported to compete with virions for cell receptor sites, protect cells from infection in a dose-dependent fashion, and react predominantly with a 50-kD cell surface protein in western blot and immunoprecipitation (68) . To date this antisera has not been used to characterize the polyoma receptor at the molecular level.
In summary, immunologic approaches to identification of virus receptors offer the opportunity to define virus-cell surface interactions on a functional basis. Such approaches appear to be among the most useful for identifying viral receptors at the molecular level.
Molecular/genetic
Recently techniques of molecular biology have been used to definitively identify and characterize picornavirus receptors. Three separate groups have demonstrated that the major group rhinovirus receptor is ICAM-1, an immunoglobulin superfamily member which functions as a cell adhesion molecule involved in leukocyte adhesion (69) (70) (71) . In these studies mAbs directed against a putative cellular receptor were used to affinity-purify the receptor protein for amino acid sequencing, thereby revealing the identity of the receptor as ICAM-1 (69, 71) . It was further shown that COS cells transfected with the ICAM-1 cDNA were able to bind rhinovirus (70), as were mouse cells transfected with human chromosomal material containing the ICAM-1 gene (71) . mAbs directed against ICAM-1 were able to prevent binding and infection of HeLa cells by rhinovirus (70 The poliovirus binding domain of this molecule has been mapped by expressing deletion mutants and chimeras ofpoliovirus receptor and ICAM-l in murine fibroblasts (76) . The amino-terminal, outermost immunoglobulinlike domain is both sufficient and necessary for virus binding. When this domain is chimerically expressed with the ICAM-1 carboxy-terminus, including the transmembrane and first three extracellular domains, the receptor is functional and cells expressing this construct become permissive for poliovirus. Interestingly, mRNA for the receptor is found in virtually all human tissues whether or not they bind or are infected by poliovirus (1) . Another group reports that four distinct forms of the poliovirus receptor are produced by alternative splicing (77) .
Recently, the role of poliovirus receptor expression in the host range and tissue tropism ofpoliovirus have been addressed by expressing the receptor in bacteria (78) and in transgenic mice (79, 80) . Portions ofthe receptor were expressed in Escherichia coli as fusion proteins which were used to generate polyclonal antireceptor sera. These sera were then employed in Western blot analysis of membrane proteins from HeLa cells and a variety of human tissues. Heterogeneous immunoreactive proteins were found in all tissues regardless oftheir susceptibility to poliovirus in vivo. There were tissue-specific variations in molecular weight, immunoreactivity, and subunit structure of these reactive proteins suggesting that posttranslational modification or alternative splicing might determine whether the proteins were in fact functional as poliovirus receptors. In experiments designed to investigate the host range of poliovirus, transgenic mice expressing the receptor in all tissues were challenged with wild type poliovirus. Intracerebral, intravenous, or intraperitoneal inoculation with virulent strains of poliovirus resulted in typical paralysis in transgenic but not in control animals. Attenuated vaccine strain poliovirus had no effect. Of interest, oral inoculation, the natural route of infection, failed to produce disease, suggesting again that receptor expression is not always the absolute determinant of viral tropism.
A molecular/genetic approach coupled with the availability of antireceptor antibodies has made possible the definitive identification ofthe receptor for several icosahedral viruses and provides powerful analytic methods to map the functional areas on these molecules. It is likely that these techniques in conjunction with three-dimensional structural data will allow us to understand precisely how viral receptors mediate infection in the near future. 
